A nitrogen-vacancy (NV) center in diamond is a promising sensor for nanoscale magnetic sensing. Here we report electron spin resonance (ESR) spectroscopy using a single NV center in diamond. First, using a 230 GHz ESR spectrometer, we performed ensemble ESR of a type-Ib sample crystal and identified a substitutional single nitrogen impurity as a major paramagnetic center in the sample crystal. Then, we carried out free-induction decay and spin echo measurements of the single NV center to study static and dynamic properties of nanoscale bath spins surrounding the NV center. We also measured ESR spectrum of the bath spins using double electron-electron resonance spectroscopy with the single NV center. The spectrum analysis of the NV-based ESR measurement identified that the detected spins are the nitrogen impurity spins. The experiment was also performed with several other single NV centers in the diamond sample and demonstrated that the properties of the bath spins are unique to the NV centers indicating the probe of spins in the microscopic volume using NV-based ESR. Finally, we discussed the number of spins detected by the NV-based ESR spectroscopy. By comparing the experimental result with simulation, we estimated the number of the detected spins to be ≤ 50 spins.
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I. INTRODUCTION
A nitrogen-vacancy (NV) center is a paramagnetic defect center in diamond. A NV center is a great testbed to investigate quantum physics because of its unique electronic, spin, and optical properties including its stable fluorescence (FL) signals, 1 long decoherence time, [2] [3] [4] [5] [6] and capability to initialize the spin states of NV centers by applying optical excitation and to readout the states by measuring the FL intensity. 7 A NV center is also a promising magnetic sensor [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] because its extreme sensitivity to the surrounding electron 3,19,20 and nuclear spins. 4,5 Spin sensitivity of electron spin resonance (ESR) spectroscopy is drastically improved using NV centers. ESR spectrum of small ensemble electron spins has been measured using a double electron-electron resonance (DEER) spectroscopy with single NV centers. [21] [22] [23] [24] ESR detection of a single electron spin has also been demonstrated using the DEER technique. [25] [26] [27] In addition, bio-compatibility and excellent chemical/mechanical stability of diamond makes a NV center suitable for applications of nanoscale magnetic sensing and magnetic resonance spectroscopy in biological systems.
27-30
In this article, we discuss ESR spectroscopy of a small ensemble of electron spins using single NV centers in diamond. Although the state-of-the-art of NV-based ESR spectroscopy is the detection of a single electron spin, the small ensemble measurement is often advantageous for applications of NV-based ESR because of less sophisticated sample preparation (e.g. higher density of the target spins which increases the coupling to the NV) and more sensitive detection (e.g. more pronounced changes in the coherence (T 2 ) and population (T 1 ) decays), and still enables to probe nanoscale local environments which may be different from the bulk properties. On the other hand, it is challenging to estimate the detected number of spins from the small ensemble measurement.
In the investigation, our experiment is performed with a type-Ib diamond crystal at room temperature. Using a 230 GHz ESR spectrometer, we first perform ensemble ESR of the sample crystal and find that a major paramagnetic impurity in the sample crystal is a substitutional single nitrogen center (N spin; also known as P1 center). Next, we detect a single NV center using FL autocorrelation and optically detected magnetic resonance (ODMR) measurements. We then carry out Rabi, free-induction decay (FID) and spin echo (SE) measurements of the single NV center to study static and dynamic properties of bath spins surrounding the NV center. We also employ DEER spectroscopy to measure ESR signals of the bath spins using the NV center. The detected bath spins are identified as N spins from the analysis of the observed ESR spectrum. Based on the intensity of the observed NV-based ESR signal, the detected magnetic field by the DEER measurement is ∼ 6 µT (equivalent to the magnetic field caused by a single S = 1/2 spin with the distance of ∼ 7 nm). We also study several single NV centers in the same crystal and find heterogeneity in their spin properties which indicates that our ensemble measurement still proves bath spins in the microscopic scale. Finally, we introduce a computational simulation method for the estimate of the number of the detected spins. By comparing the experimental result with simulation, we estimate the number of the detected spins to be ≤ 50 spins.
II. RESULTS AND DISCUSSION
We studied a single crystal of high-temperature high-pressure type-Ib diamond, which is commercially available from Sumitomo electric industries. The size of the diamond crystal is 1.5 × 1.5 × 1 mm 3 (see Fig. 1(a) inset). The concentration of N spins is 10 to 100 ppm, corresponding to 4 × 10 15 to 4 × 10 16 N spins existing in diamond. First, using a 230 GHz ESR spectrometer, 31 we measured ensemble ESR of the sample diamond crystal at room temperature to characterize its bulk properties where the magnetic field was applied along the 111 -direction of the single crystal diamond in the measurement. As shown in Fig. 1 The spin Hamiltonian of N spin is given by
where µ B is the Bohr magneton, B 0 is the external magnetic field, g The ODMR experiment was performed using a home-built confocal microscope system. Next, we performed pulsed ODMR measurements of NV 1. In the pulsed measurements, a NV center was first prepared in the m S = 0 state by applying an initialization laser pulse, and laser read-out pulse (RO) and FL measurement pulse (Sig.) of 300 ns were used. Also the FL intensity was normalized and re-scaled into the m S = 0 state population of NV 1.
and the microwave pulse sequence was applied for the desired manipulation of the spin state of the NV center, then the final spin state was determined by applying a read-out laser pulse and measuring the FL intensity. In addition, the FL signal intensity was mapped into the population of the NV's m S = 0 state (P (m S = 0)) using two references (the maximum and minimum FL intensities corresponding to the m S = 0 and m S = −1 states, respectively).
Moreover, the pulse sequence was averaged on the order of 10 6 -10 7 times to obtain a single data point. First, the Rabi oscillation measurement was performed at B 0 = 35.7 mT and 1.868 GHz, which corresponds to the m S = 0 ↔ −1 transition of NV 1. As the microwave pulse length (t P ) was varied in the measurement, pronounced oscillations of P (m S = 0) was observed as shown in Fig. 2(c) . By fitting the observed Rabi oscillations to the sinusoidal function with the Gaussian decay envelope, 20 the lengths of π/2-and π-pulses for NV 1 were determined to be 34 and 68 ns, respectively. Second, FID was measured using the Ramsey fringes. The pulse sequence are shown in the inset of Fig. 2(e) . As seen in Fig. 2(e) , the FL intensity of NV 1 was recorded as a function of free evolution time (t) and FID was observed in the range of t ≤ 100 ns. Third, we carried out the SE measurement. The FID and SE decay in electron spin baths have been successfully described by treating the bath as a classical noise field (B n (t)) where B n (t) was modeled by the Ornstein-Uhlenbeck The FID and SE decay due to the O-U process are given by,
and
where
MHz is the hyperfine coupling of NV center. 32 In the quasi-static limit
where T 2 is the spin decoherence time. 20,37,38 By fitting both FID and SE data ( Fig. 2(e) and (f)) simultaneously with Eqs. (2) and (3), we obtained b and τ C to be 30 ± 4 (rad/µs) and 144 ± 39 µs, respectively. The result indicates that the surrounding spin bath is in the quasistatic limit (bτ C = 4320 ≫ 1), therefore, T 2 (= (12τ c /b 2 ) 1/3 ) of NV 1 is 1.2 µs. Using the previous study, 38 the local concentration of the bath spins around NV 1 is estimated to be 20 ppm. Furthermore, we performed NV-based ESR using DEER spectroscopy at B 0 = 35.7 mT (f M W 1 =1.868 GHz corresponding to the m S = 0 ↔ −1 transition). Figure 3(a) shows the pulse sequence used in the DEER measurements, [21] [22] [23] which was adopted from the field of ESR. 36 The DEER sequence consists of the spin echo sequence for a NV center and an additional π-pulse at different microwave frequency (denoted as MW2 in Fig. 3(a) ). When the additional π-pulse is resonant with surrounding electron spins near the NV center, the magnetic moments of the surrounding spins are flipped, and this alters the magnetic dipole field experienced by the NV center from the surrounding spins during the second half of the spin echo sequence. The alteration causes a shift in the Larmor frequency of the NV center, which leads to different phase accumulation of the Larmor precession during the second half of the sequence from the first half. As a result, the NV center suffers phase-shift in the echo signal and reduction of FL intensity from the original spin echo signal is observed. As shown in Fig. 3(b) , we monitored the spin echo intensity of NV 1 at a fixed τ as a function of In addition to the investigation of NV 1, we have studies other NVs in the same diamond crystal. Figure 4 shows the set of FID, SE and DEER data from other three NV centers (labeled as NV 2-4). The results from NV 1-4 were different because of their heterogeneous nanoscale local environments. As shown in Fig. 4(a) -(c), we found that the obtained τ C values were varied widely from 144 µs to 3908 µs. On the other hand, the variation of b = 30-38 rad/µs is much smaller than τ C . As the result, T 2 of NV 1-4 ranges from 1.2 to 3.4 µs. We also noticed that all NV 1-4 are in the quasistatic limit (bτ C ≫ 1). As shown in Fig. 3(b) and Fig. 4 , the NV-based ESR spectra of NV 1-4 were also quite different.
The NV-based ESR spectra from NV 1, 2 and 4 displays five-line ESR signals (Fig. 3(b) and Fig. 4(a)(c) ) whereas NV 3 only shows three visible signals at 0.381 0.474 and 0.553 GHz (Fig. 4(b) ). Possible reasons of the difference are heterogeneity of the number and the oriented along the 111 direction ( Fig. 3(b) ). In the analysis, we simulate DEER intensities by calculating the effective magnetic dipole field at the NV center from the surrounding N spins (B dip,ef f ). First step of the simulation was to generate a model configuration of the NV center and N spins in a diamond lattice, and this was done by placing the NV center at the origin of the diamond lattice and assigning the positions of N spins randomly in the lattice sites (see Fig. 5(a) ). Based on the T 2 measurement (T 2 = 1.2 µs ∼ 20 ppm), ∼18,000 N spins were placed in the simulated diamond lattice with a diameter of ∼200 nm. Fig. 3(b) ). Thus, B dip,ef f was computed from only 1/12-th of all N spins in the simulated lattice on average (∼1500 N spins). Finally we assigned the electron spin value (m S ) of either 1/2 or −1/2 with equal probability to the N spins.
B dip,ef f is given by the sum of individual dipolar field from each N spin as,
where as a function of n N,90% . The number of such configurations were ∼1200, ∼1300, and ∼ 400 for T 1n = 1 s, 10 ms, and 100 s, respectively, which translate to 4−13 % out of total 10 4 configurations.
is the vacuum permeability, r i and θ i are the magnitude and polar angle of the vector that connects the NV center and i-th N spin, respectively, and m i S is the electron spin value of i-th N spin. The mutual flip-flops within N electron spins was also not considered because of a low rate of the spin flip-flop process during the measurement, i.e. τ C ≫ τ (see Fig. 2(e) ).
We then calculated the number of N spins (n N,90% ) out of n N to obtain more than 90% of the 
In addition, in order to see the spatial configuration dependence on n N,90% and I N V ESR , we repeated the procedure described above for the other hand, in the case of T 1n = 100 s, the distribution was slightly different and the occurrence was in 2 − 28 as shown in Fig. 5(d) . Thus, from the simulation, the number of N spins in the present NV-based ESR measurement is estimated to be ≤ 50 spins.
III. SUMMARY
In summary, we presented ESR spectroscopy using a single NV center in diamond. First, we demonstrated the identification of microscopic spin baths surrounding a single NV center and the investigation of static and dynamic properties of the bath spins using Rabi, FID, SE measurements as well as NV-based ESR spectroscopy. We also performed the investigation with several other single NV centers in the diamond sample and found that the properties of the bath spins are unique to the NV centers. Finally, by analyzing the intensity of the NV-based ESR signal using the computer simulation, we estimated the detected spins in the DEER measurement to be ≤ 50 spins.
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